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Abstract— A generalized kinematic modeling framework,
called Mechanism_Model, has been developed for use the
CLARAty robotic reusable software. Mechanism_Model
supports a wide range of systems — from manipulatoarms to
legged and wheeled rovers. It also enables the deygment of
generalized kinematics, dynamics and collision detdon
algorithms. In this paper, we describe the unifiedmodeling
approach used in Mechanism_Model and provide detal of its
object-oriented implementation in C++. We also presnt an
example application illustrating use of Mechanism_Nbdel.

|I. INTRODUCTION

IN this paper, we describe progress we have made [491

toward a unified modeling and control approachafevide
variety of robotics systems. We report on impleragon
details of the modeling software package and apfidins
that demonstrate its use. The software, called

CLARALty software system [17], [9], [10], [3]. CLARy is

a collaborative effort among four institutions: Pebpulsion
Laboratory, NASA Ames Research Center, Carnegidaviel
and the University of Minnesota. In this sectiorg f¥irst

motivate the development dfechanism_Modeldescribe its
background and discuss its relevance with respertlated
work. We then describe, in Section Il, the appiaat

domains thatMechanism_Modeis designed to span, the

features of these domains and the challenges theg m
developing a unified modeling approach. In Sectibnwe
present the modeling framework usedMachanism_Model
its generic kinematic algorithms and its objecented

th
Mechanism_Modepackage is being developed within th

to supporting multiple algorithms, CLARAty provides

adaptations to multiple robotic and rover platforms

CLARALty is a domain-specific robotic architecturesijned

with four main objectives:

1. To promote the reuse of robotic software infragtree
across multiple research efforts

2. To promote the integration of hew technologies
developed by the robotics community onto rover
platforms

3. To mature robotic capabilities through reuse arabkn

independent formal validation

To share the development with the robotic commutoity

promote rapid advancement and leveraging of

capabilities

The infrastructure to support these objectives haen

developed over several years. This project useiteeative

evelopment process that captures lessons learosdthie

e ; .
deployment of earlier versions of the frameworkreal and

simulated platforms. Through this process, both dbsign

of the interfaces and the implementation of generic
capabilities mature over time. Many elements of RlMy

are in their third revisions with improved interésc to
actuators and sensors, camera modelling and image
processing, mechanism modelling, pose estimation,
navigation and interfaces to higher level plannafge
describe our efforts in developing CLARAty's next
generation mechanism modelling software in thisepap

B. Motivation and Objectives
The motivation for the development Miechanism_Model

implementation. An example application that demares began with the original need in CLARAty to develop
the usage oMechanism_Models covered in Section Iv. kinematic and control algorithms that could be &gblwith
We conclude with a summary of our deve|opment and rﬁlnlmal Change to the range of robotic vehicledwseJPL.
description of future plans to incorporate it iatgeneralized This goal was successfully accomplished with the

control paradigm.

A. CLARAty Software

CLARALy is a framework for reusable robotic softeamn
an object-oriented hierarchy, at its lowest leV@LARAty
implements software abstractions for hardware fates.
Upon this hardware abstraction layer, re-usabléwsoé
components are built to interface to higher lewalsontrol.
As a result, software that implements complex behavand
sophisticated operations is platform independerantples
of such capabilities implemented in CLARAty includese
estimation, navigation, locomotion and planningattdition

Wheel_Locomotomodule in CLARAty.Wheel_Locomotor
consists of a set of classes that plan and exezstdelar
drive paths for vehicles that are fully-steered tiphy-
steered or non-steered (skid-steered) with any eunab
wheels. The early implementations in CLARAty had a
separate set of model representations and algaritomthe
control of manipulator arms on the rovers from thosed
for the control of the vehicle. However, the simtla
between modeling and control needs for vehicles thed
manipulator arms led our desire to unify the modaisl
algorithms. Based on the premise that the morergette
software, the more re-usable it will be, we haverapted to



develop a unified framework for handling kinematesd
control of all articulation on our robotic platfosm

There are a number of other advantages to be d&iom
a unified approach for modeling and control for ifigb
systems. One key benefit to a unified represemtas the
ability to develop more sophisticated algorithmattkreat b o
appendages as an extension of the mobility enalgliegter C)

flexibility for manipulating arm/vehicle workspaces Figure 1.Manipulator examples: a) Modular arm, b)
Although requiring greater effort to develop, a figu Manipulator-mounted cameras guiding instrument
implementation results in less management overhkaa placement and c¢) Rovers cooperatively transpoging
software system as large and complex as CLARALtih wai beam

variety of application platforms, a streamlined teys for
handling model data and implementation of algorghtimt
automatically configure to the platform can simpldystem

operation and increase its robustness. Additionaltys |ove the capability for modelling mobility systertise

approach: _ _ legged and wheeled rovers.

* Provides centralized storage for managing model The Operational Software Components for Advanced
informgtion. This ingludes_ creation, deletiqn, ueda Ropotics [14], [7], developed by the Robotics Resea
extension and reconfiguration of the mechanical@i®d - Gyop at the University of Texas at Austin, prosideilities

* Ensures consistency of the model information f& ¢ iy the form of libraries for performing computatneeded
multiple algorithms. This simplifies the integrati®f i, apalysis, real-time control, and simulation of
algorithms into the software architecture. A sig@ifit manipulators. In addition to math utilities, it ¢ams
benefit from this approach is that generalized @llgms  gigorithms for performing generic forward and irser
can then be written for these systems because Rihematics, motion planning and dynamics. OSCARersff
mechanisms share a common data structure. many alternative options in its operations. Fornepie, for

* Reduces duplication in model representation betweeRotion planning, trajectories can be generated gusin
rover mobility and manipulation software leading tQrapezoidal, spline or motion blending algorithf@SCAR
reduced model management overhead. currently appears to allow only the modeling ofialechain

« Enables the development of generic algorithms fahanipulators. OSCAR’s primary application is robsti
forward, inverse, and differential kinematics. lhet education. While OSCAR provides generic softwailitias
absence of specialized versions, the generic atgosi  for robot arms (serial-chain manipulators) the apph with
provide out-of-the-box functionality. Mechanism_Modahodels more general kinematics systems.

» Supports specific implementations to override gener Other related developments include the RoboML ,[15]

algorithms ~ whenever  appropriate  for  optimalORCA [12], [2] and the Nucleus robotic control tkib[11].
performance.

 Enables the verification of specialized kinematics
algorithms against their generic counterpart

breaks down a mechanism model into component badlies
multiple DOF joints, KDL models a serial-link chagms
composed of single DOF joints. KDL does not cuilsent

[I. APPLICATION DOMAINS AND GOALS
The wide range of systems to be addressed with our
approach present a number of challenges. In tHewfinlg
C. Related Work sections, we categorize the types of systems

Mechanism_Modeluses a kinematics and dynamicSviechanism_ModeMill support and discuss their unique
modelling structure similar to the one used in theatyres.

DARTS/Dshell development at JPL [6], [16], [4]. .

DARTS/Dshell and its derived simulators have beseduo A. Mgnlpulators_ . .
simulate, with high-fidelity, the dynamics of robosystems _Serlal—lln_k manlpul_ators are the simplest mechams_ve
and spacecraft modeled as flexible mullti-body esyst. It will model in Mechanism_ModelThe range of mechan!sm_s
has also been used for component hardwatre—in—tjrpa-loon rover pla_tforms that _can be mod_eled as senal-|i
testing, pre-deployment guidance and control algori mampulato_rs include passively set or actively palfed pan-
testing and in stand-alone simulations. and-tilt units for cameras, two degrees-of-freedd@®F),

The Kinematics and Dynamics Library (KDL) compnohe three or four DOF masts_ arms n_10unted_W|th havigatio
in the recent software release of Version 1.0 ftbenOpen camera heads :_and four, five, or six DOF '”5”“”‘_""“5-
RObot COntrol System [13] project has objectivesilsir to These mechanisms are all mounted tp_ mob||_e _rover
our Mechanism_Modetevelopment. The current releaseplatforms' Ins_trument arms have_ the additional ikiatc
KDL 0.2.1, implements many useful utilities for kimatic feature of typically holding many instruments otuaret at

computations needed in manipulator control. Thehdst Its e_nd.l Itn researchl an((jj fI|Ight grofjects at ‘]Pl['s_fbndl; d
level robot model supported in KDL at this timeaiserial- manipulators are also deployed irom non-mobilé &an

; : ; . latforms. For example, in addition to a scoop tasend
link manipulator. The design approach for the mibaigl P . .
mechanisms in KDL is different from the approach veee effector, the four DOF Mars Phoenix Mars manipulaias a

taken with Mechanism_Model While Mechanism_Model camera attached to its lower arm. It is also désy that



Its two front limbs have a three-fingered grippaitpwing
their use as arms. More recent versions of Lemue fimbs
with interchangeable tools and instruments. Thest fir
prototype of LEMUR is shown on Figure 3a.

D. Hybrid Systems — Wheeled Legs
The final class of mechanisms we consider is llybri
mobility systems that drive on wheels but may alsdk on
limbs or use limbs as manipulators. The ATHLETEI{AI
Figure 2. Rover examples: a) Rocky 8, b) Rocky 7 Terrain Hex-Limbed Extra-Terrestrial Explorer) rovat
and ¢) ARTV Jr. JPL [18] has six legs each with six DOF. The legs a
) . mounted symmetrically around a hexagonal base. Eagch
Mechanism_Modebe able to also handle parallel-link (orn55 a wheel at its tip. With its wheel locked, ATEILE can
closed-chain) ~ kinematic ~ structures. ~ Examples Q)i using its legs. And on relatively flat terrato conserve
m_anlpulators used on research projects at JPLhanerson power, ATHLETE can drive on its wheels while usiitg
Figure 1. legs as an active suspension system. Figure 3bsskiuav
B. Wheeled Rovers ATHLETE rover climbing a hill. As NASA develops
Most wheeled mobility systems for research andhfli innovative mobility systems for exploring steependa
missions at JPL have six wheels and use the passiker- rougher terrain, we will see new hybrid mobilityssgms that
bogie suspension [1]. The rocker-bogie mechanisioress combine multiple modes of locomotion.
a coupling between the left and right sides in tbeker
articulation. This may be modeled as a single iedeent
joint and a dependent (or constrained) joint wigkpect to A.Design Requirements
the rover chassis. Rover wheels may be steeredoir The primary requirement for the development of
steered. Rocky 7 rover has two steerable wheels.M&rs Mechanism_Modeis a unified modeling data structure for
Exploration Rovers (MER) have four steerable whedide the variety of mechanisms to allow the interopditgbof
Rocky 8 and FIDO have six steerable wheels. TheOK-Imodels and algorithms. Separation of the kinermatiod
rover at the NASA Ames Research Center has a rockd#ynamics data and algorithms from control softwiaralso
mechanism with four steerable wheels and no b@gidPL, to be enforced so that model-related algorithms lmamun
we also use commercial-off-the-shelf (COTS) mobilitindependent of physical systems. For greater effimy in
platforms for research applications. These arecaflyi four real-time control applications, users should hde dption
non-steerable wheeled mobility systems with no ensjpn to override generic algorithms and use customized
mechanism. Vehicle steering is accomplished uskig-s algorithms for specific systems. Customized aldoni,
steering with wheels on opposite sides differelytidtiven however, will use parameters from the common udifie
to change vehicle heading. Another feature of sofrtaese model. Algorithms to be included Mechanism_Modehre
skid-steered rovers is that one controlled motoused to forward and inverse position, and velocity kinerstiquasi-
drive both wheels on one side through a belt tréssion. static computations of forces and torques thatiselmodels
Figure 2 shows examples of rovers CLARAty has beeuf joint flexibility, gravity force and other apgll forces,
implemented on. gravity deflection, environmental contact consti®irand

C. Limbed Mobility Systems collision detection.
Another class of mobility systems at JPL is thebled B.Model Framework

- Using the approach in DARTS/Dshell (Rodriguez, 1,99
Jain  1991), Mechanism_Model, models elements of
mechanisms as bodies arranged in a tree structsre a
illustrated on Figure 4Mechanism_Modebodies represent
the rigid or flexible components of a mechanismttha
articulate with respect to each other. Articulasioare
modeled as joints. A ground body, representingitieetial
frame in the system, is at the base of the treenpgooent

I1l. MODELING AND ALGORITHMIC FRAMEWORK

bodies haveonly one parentbut may have many child

bodies. The ground body is the only body withopteent.

Figure 3. Hybrid and limbed system examples: a) Bodies are rigid in the current implementation of
LEMUR robot, and b)ATHLETE rove MechanismModel but may be extended to be flexible.

N . Bodies have required kinematic attributes for kingm
locomotor. Examples of robots in this category dRL'S 5 qrithms and optional inertial, geometric, andsusil
LEMUR (Limbed Excursion Mechanical Utility RobotS) yinytes for use in dynamics and collision deeext
robots [8]. These are four or six limbed systenst ttan algorithms and for graphics display.
walk and climb. The first version of LEMUR has gimbs.
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Bodies are connected to each other by joints. tJoiRor these examples, spatial constraints betweeelvandeg
articulation between pairs of bodies occurs betwaen and ground are applied to solve for the chassis.f@arallel
output frame of the parent body and the referermmd of kinematic structures or closed chain mechanisms lman
the child body. A joint can have multiple degrees omodeled similarly with closure constraints usedspecify
freedom, may be actively controlled or passive, am@y be the attachments of the parallel links to ground tbe

constrained to have its articulation state depemdhe state mechanism closure respectively. The solution approvill
of another previously defined joint. An exampletlué use of use a numerical solver to fully determine the pakdihk

<«— to base (inward) to tip (OUtWard)

a constrained joint is in modeling the
differential with opposite sides having oppositeglas.
Joints have type (1 DOF prismatic, 1 DOF revol@&eQOF
spatial, etc.), offset value (zero joint positidifset from the
joint coordinate frame) and home position (joinsijtion at
robot home position) attributes Joints also havéoopl
articulation limits, stiffness and constraint dttries. The
kinematic relationship between a parent body anchitd
body is specified by the type of joint, its attagmnhon the
parent body and the joint articulation state.

rocker-bogienanipulator end effector pose or closed chain gondition.

C.Generic Algorithms

With this model framework in place, it is possilite
develop generic kinematic and other algorithms taat be
re-used for many applications. The most commonlgdus
algorithms in robot control are the forward and eirse
kinematics algorithms. In Mechanism_Model these
algorithms are designed to be generalized for ftee t
kinematic structure. The implementation of the far
kinematics allows any frame on the tree to quenytfopose

In Mechanism_Modeframe objects are used 1o represenyiih respect to any another frame on the tree fgivan set

coordinate frames of interest on bodies. Thereaoetypes
of frame objects: reference frame objects and Ideahe
objects. Each body has one reference frame objpectray
have multiple local frame objects. In addition te type, a
frame object has the attributes of a homogenoussfivtem
and a string label. A body’s reference frame objgctsed to
specify its nominal (zero joint values) pose wigspect to its
parent. Local frame objects on a body represenpdses of
coordinate frames of interest on a body with respeche
body’s reference frame.

of joint values of the elements in the tree. Theegie
inverse kinematics algorithm is to be written aftee
complete implementing a generic constraint solution
component of Mechanism_Model This component will
allow multiple spatial constraints to be applieddéterent
frames on the tree. It will solve for the correspiog joint
values with a constrained optimization algorithm.

Within the same model framework, generic algorghm
for wheeled locomotors have also been implemeriféd.
have implemented flat-terrain forward and inverse

The simplest examples we looked at in Sectionrél ayjnematics algorithms for position and velocity.eTposition

serial-link manipulators with multiple end effecoror
multiple manipulators attached to a
Mechanism_Model’s capability for modeling branching
kinematic chains makes it easy to model these tyges
systems. Wheeled, limbed, and hybrid locomotos;udised
in sections 1I.C., 1l.D. and II.E of this paperganodeled by
inserting a virtual 6 DOF spatial joint between tr@und
body and the locomotor chassis. The suspensiegs, dr
limbs are then modeled as branches from the chbhesig.

base

and velocity inverse kinematics algorithms compuwteeel
steer and drive distances or drive velocities apoeding to
a specified body transformation or body velocity
respectively. The position and velocity forward dimatics
algorithms compute the reverse; they compute thily ppose
or velocity corresponding to the set of wheel ste@t drive
distances or drive velocities respectively. Thelgrghms
are parameterized for the number and locations lufels
and for rover type. Supported rover types includéyf
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steered, partially-steered and skid-steered rovéisese
vehicle kinematics algorithms are being extendetiaodle
non-flat terrain and six DOF rover kinematics.

D. Software Implementation

Mechanism_Modelis built upon a hierarchy of
templatized software utility objects that are verittin C++.
These objects include a Standard Template Libr&mL}-
like tree, one and two dimensional array, threeedisional
vector, matrix, and rotation matrix and quaterniossed
homogenous transform classes. Pre-order, post;asitkiing
and chain iterators are implemented in the Tresscl®
facilitate tree traversal for kinematics algorithms

The Mechanism_Model package is composed of
Mechanism_Model, ME_Body, ME_Joint and Frami
classes. A corresponding set of input-output (I6@@sses,
Mechanism_Model IO, ME_Body 10, ME_Joint_IO anc
Frame_l0O, are used to read and write model data &d to
XML [19] model files. The constraint optimization
component of Mechanism_Model includes
Constraint_Manager, Constraint_Solver
Cartesian_Constraint, Contact_Constraint, ar
End_Effector_Constraint classes. The constrainuties
component oMechanism_Modéhas been designed and will
be implemented in the next stage of developmene T
relationship between these classes is shown ornJiie
diagram on Figure 5.

I\V. APPLICATION

We developed several example applications to &tdid
this approach and illustrate the useMdchanism_ModelA
simple 2 DOF planar manipulator is described hershiow
how a model is created and used whiflechanism_Model
There are two ways to create this model. The modelbe
created using manually entered lines of code. Adtévely, a
model can be read in from an XML model file. In ou
example, the two links of the arm are each 1.0 metsy.
The two joints of the arm rotate about the Z-axis. its
nominal configuration with its joints at O radiarnise arm is
aligned along the X-axis.

Figure 5.Mechanism_Modeklass relationships.

A new class, N_2DOF_Planar_Arm was derived from
Mechanism_Modeto demonstrate the implementation of a
customized inverse kinematics algorithm. The cod®w
shows how the two-link planar manipulator is crdate
N_2DOF_Planar_Arm.

N_2DOF_Pl anar _Arm arm

/] Create the first link
ME_Body |ink1("linkl1l", arm;
linkl.create frame("refl");
linkl.get_joint().set_type("revolute");
linkl.get_joint().set_joint_axes(
Vect or 3<doubl e>(0.0, 0.0, 1.0));
/! Create the second link and attach to |inkl
ME_Body |ink2("l'ink2", arm "linkl1l");
Frame & link2_ref _frame =
link2.create_frame("ref2");

link2_ref_frane. set (

Tr ansf or n{ Vect or 3<doubl e>(1.0,0.0,0.0)));
link2.get_joint().set_type(“revolute");
l'ink2.get_joint().set_joint_axes(

Vect or 3<doubl e>(0.0, 0.0, 1.0));
/] Create a local frane at the tip
Frane & link2_tip_frane =
link2. create_frame("tip");
link2_tip_frane. set(
Tr ansf or n{ Vect or 3<doubl e>(1.0,0.0,0.0)));

arminitialize();

A model can, alternatively, be created by readmtipe
XML model file shown on Figure 6 as follows:
N_2DOF_PI anar _Arm ar n( " 2dof _pl anar _arm xm ") ;
To perform the forward kinematics for a given séfjaint
angles, we first set the arm joint angles, themygfa the tip

position:
armget_joint(0).set_value(MPI_2);
armaget_joint(1).set_val ue(0);

Transformtip_position =
arm get _body("link2").get_frame(
"tip").get_absolute_transformn();



<Mechani sm Model nane = "2dof _pl anar_arnt version = "1.0">
<l-- This body is first link -->
<ME_Body nane= "link1l" >
<ME_Joint name = "jointl" type = "revolute"
x_axis = "0"y_axis = "0" z_axis = "1">
</ ME_Joi nt >
<Frame nanme="ref 1" type="reference">
<Tr ansf or m»>
<Position x="0" y="0" z="0" />
<Quaternion gi ="0" gj ="0" gk="0"gs="1" />
</ Tr ansf or m»

</ Frame>
</ ME_Body>
<l-- This body is second |link -->
<ME_Body nane= "link2" parent = "link1l" >
<ME_Joint name = "joint2" type = "revol ute"
Xx_axis = "0"y_axis = "0" z_axis = "1">
</ ME_Joi nt >

<Frame nanme="ref2" type="reference">
<Transform
<Position x="1"y="0" z="0" />
<Quaternion gi ="0" gj ="0" gk="0"gs="1" />
</ Transf or m»
</ Frame>
<Frame name="tip" type="l|ocal ">
<Tr ansf or n»
"1" y="0" z="0" />
<Quaternion qgi ="0.0" gj="0" gk="0"gs="1.0" />
</ Transf or m»
</ Frame>
</ ME_Body>
</ Mechani sm_Mbdel >

machine and determining suspension compliance in a
rover with wheels.

With the integration of these components in
CLARAty, we will be able to deploy a complete cantr
software package for any of the platforms listed in
Section Il by merely reading in the system XML
configuration files. We expect to see significant
reduction in the time it requires to develop cohtro
software for robotic platforms with this capabilitBy
end of May 2007, a pilot version of the software
described in this paper will be released with the
CLARAty public release.
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